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Abstract 
Passive acoustic emissions were assessed for their potential as a non-invasive monitoring tool 
for the coating of pellets in a fluidized bed. Pharmaceutical pellets are small spherical 
particles that contain an active ingredient. They are film coated for the purpose of modified 
drug release and packed into capsules as a multiple unit dosage form. A more reliable 
monitoring and control method is desired to ensure the appropriate drug release profile is 
achieved by minimizing variations within and between coated pellets.  
Microphones attached to the exterior of a conical top spray fluidized bed measured acoustic 
emissions produced from the coating process. Statistical analysis of the signals was shown to 
provide information on fluidization quality and nozzle performance, while the amplitude of 
the acoustic emissions was shown to correspond to an increase in pellet film coat thickness. 
Overall, passive acoustic emissions reflected changes in process dynamics and particle 
interactions, indicating the ability to monitor fluidized bed pellet coating and potentially for 
the determination of a desired coating end-point.  
 
 
 
 
 
 
 
 
Keywords: Fluidization, top spray coating, acoustic monitoring, pellets, film thickness, 
process analytical technology 
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Chapter 1  
1 Introduction 
1.1 Pharmaceutical Coating 
1.1.1 Purpose 
Pharmaceutical coating is an important step in the manufacturing of solid oral dosage 
forms influencing final product quality and overall function. The applied coating 
surrounds the tablet or pellet core to protect the drug from heat, moisture and light, to 
provide mechanical strength, to improve the aesthetic appearance of the dosage form, and 
to control the dissolution profile of the active ingredient [1]. 
Pellets, defined as small spherical particles between 100 to 1000 μm in diameter, contain 
the active ingredient or drug. They are often film coated and packed into capsules as a 
multiple unit oral dosage form. Such dosage forms have a variety of advantages over the 
conventional tablet, as each individual pellet contains a lower dose of the active 
ingredient. This leads to minimal variations in gastro-intestinal transit time, the ability to 
prevent dosage dumping and improved flexibility in drug formulation and design [2]. The 
release rate of the active ingredient is highly dependent on the properties of the film 
coating, including coat uniformity, coat thickness and overall coat quality [3-5].  
The coating process varies for tablets and pellets mainly due to their large difference in 
size. It is often more difficult to apply uniform coating to the tablet core compared to the 
much smaller pellet. The larger surface area of the tablet corresponds to an increase in 
intra- and inter- film coat variation. Therefore, the consequence of non-uniform coating is 
minimized for multiple unit dosage forms containing coated pellets compared to coated 
tablets.  
1.1.2 Coating Processes 
The coating process takes place in either a fluidized bed or a rotated drum pan coater. 
Fluidized bed configurations vary depending on the location of the spray nozzle: top 
spray, bottom spray or tangential spray. All coating processes involve the spraying of a 
2 
 
polymer solution onto the tablet or pellet core followed by a drying period. Each process 
is associated with advantages and disadvantages specific to each coating type. 
In a top spray fluidized bed, the nozzle is placed at a specific height above the particle 
bed. This type of coating is known for its large capacity and accessible spray nozzle [1], 
which may be easily replaced if clogged potentially minimizing the number of discarded 
batches. Alternatively, top spray coating is also associated with poor efficiency and coat 
quality due to random particle movement, leading to an uneven distribution of the film 
coat among the particles [1,6]. The more complex fluidization conditions correspond to 
an increased risk for partial or complete bed defluidization, resulting in non-uniform 
growth rates and affecting the release profile of the active ingredient [7]. 
Bottom spray fluidized beds inject the spray from a nozzle located at the bottom of the 
column. The increased potential for particle agglomeration due to a high concentration of 
wet particles near the bottom of the bed is a main issue for this type of coating. To 
improve process efficiency, bottom spray fluidized beds typically include the addition of 
a Wurster insert [8]. The insert improves particle circulation leading to better drying rates 
and coat uniformity, minimizing the potential for particle agglomeration [1]. 
The rotating spray fluidized beds include a tangential spray coating system equipped with 
a rotating disk. The rotating configuration improves air flow producing coated particles 
of a greater density and very spherical in shape [1]. The rotating disk agitates the unit 
restricting the type of materials to be coated, as the particles must withstand the rotational 
forces.  
Particles coated in a rotating drum are performed in a perforated or non-perforated pan 
coater. An atomized coating solution is sprayed onto the particle surface. As the particles 
tumble within the drum, they pass through a spraying zone, followed by a drying zone 
[9]. Alternation between these zones is continued until a desired coat thickness is 
achieved. Particles coated in a rotated drum must flow easily to ensure the coat is 
uniformly applied, limiting the types of particles used.  
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In general, pan coating is preferred for the larger solid dosage forms, such as tablets, as 
these larger particles are often heavier and more difficult to fluidize but tumble easily in a 
rotated drum. Fluidized bed coating is better suited for the much lighter, smaller dosage 
forms such as pellets, as these particles are easier to fluidize resulting in good particle 
mixing.  
1.2 Fluidized Bed Coating 
A number of industries, including the pharmaceutical, cosmetic, food, chemical and 
agricultural industries, have implemented fluidized bed coating to provide a variety of 
different functions [10]. Coating is performed as a batch process, resulting in expensive 
and inefficient production processes [1]. Improvements to process monitoring and control 
have the potential to minimize the number of failed batches and loss of product, 
corresponding to more cost-effective manufacturing.  
Fluidized bed coating involves the interaction of all three phases; gas (fluidizing/drying 
air), liquid (coating spray) and solid (particles) [1]. An atomized liquid spray, consisting 
of a solute and solvent, is sprayed onto a fluidized particle bed. The liquid impacts and 
spreads onto the particle surface forming a coating film as the solvent evaporates, leaving 
behind the solute to act as a coating medium around the particle core. Particle fluidization 
is an important principle of the coating process to ensure good particle mixing and good 
heat and mass transfer rates, influencing the final product quality. Different fluidization 
regimes have been identified by various authors [1,7,11-14] for gas-solid systems, 
summarized in Figure 1-1. 
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Figure 1-1: Gas-solid fluidization regimes (image adapted from [14]) 
In the 1970’s, Geldart predicted the fluidization behaviour of different particles by 
classifying them into four different groups based on particle size and density [12]. Group 
A particles included fine powders that easily fluidize, resulting in good particle mixing. 
Group B particles result in bubbling fluidization behaviour and are defined as “sand-like” 
particles. Fine, cohesive particles difficult to fluidize are classified in Group C. Large 
particles that fluidize poorly are classified as Group D. More detail regarding fluidization 
behavior is described by Kunii et al. [13]. 
Particle fluidization is dependent on the inlet air velocity, as well as particle density, size 
and shape. To maintain a properly fluidized bed, the appropriate superficial gas velocity 
is required. Geldart’s classification system provides a simple method for predicting the 
behaviour of particles in a fluidized bed. As well, the minimum fluidization velocity may 
be estimated using theoretical calculations, such as Ergun’s equation [15].  
Fluidized beds are chosen for their high heat and mass transfer rates, uniform temperature 
distribution, minimal pressure drop, good particle mixing and ability to perform multiple 
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unit operations in a single vessel including mixing, drying and coating [1,10]. On the 
contrary, operating a fluidized bed is very complicated, especially with the addition of a 
liquid solution. A large number of influential and interdependent process- and 
physicochemical- related parameters add a degree of complexity to process control. 
Large-scale productions typically rely on trial and error, or operator knowledge and 
experience, for effective operation. To improve the operation of fluidized bed coating in 
terms of process efficiency and stability a better understanding of particle growth 
mechanisms are required.  
1.3 Particle Coating Phenomena 
The interaction of gas, liquid and solid phases result in a number of different phenomena 
related to particle dynamics, as well as heat and mass transfer rates. Coating is governed 
by particle mixing, droplet spreading on the particle surface and solvent evaporation from 
the particle surface [1,10]. That is, sufficient particle wetting and drying, as well as an 
adequately fluidized bed, are required for coating to occur.  
Particle mixing is promoted by the fluidizing air, allowing for good heat and mass 
transfer rates. Effective fluidization allows for the coating solution to be transferred 
between particles, contacting all surfaces as the particles move and interact with each 
other within the bed. Spreading of the coating droplet on the particle surface is important 
to the success of the coating process. The wetting energy required for droplet spreading is 
dependent on the contact angle between the gas, liquid and solid phases, which in turn is 
dependent on the inherent characteristics of the spraying liquid and particle surface [1]. 
Numerous studies have focused on powder wettability related to droplet spreading and its 
influence on particle coating and granulation processes [16-21]. Evaporation of the 
solvent from the particle surface allows for the solute to act as a coating medium and to 
form the desired coating layer around the particle core. Without solvent evaporation the 
particle bed may become too wet, altering the dynamics within the bed.  
The chosen process parameters and specific operating conditions affect the interaction 
between the fluidized particle bed and atomized liquid spray, influencing process 
dynamics. In one case, the addition of too much liquid or the spraying of large droplets 
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may result in wet quenching, defined as the formation of liquid bridges between particles 
leading to the formation of large agglomerates and local defluidization [10]. A large 
break-up force provided by the fluidizing air may counteract the cohesive forces from the 
liquid bridges, breaking up large agglomerates, resulting in the fluidization of small 
agglomerates, which is undesirable for fluidized bed coating. 
When the droplet size is smaller than the particle, two possible situations may occur: i) 
partial drying of the particles before they collide or ii) collision of wet particles resulting 
in the formation of liquid bridges [10]. In the first case, particles grow by continual 
layering of the coating solution, the desired phenomena for coating. In the second case, 
particles grow by agglomeration, eventually leading to bed defluidization, referred to as 
dry quenching [10]. For particle growth to occur by layering, the break-up forces 
provided by the fluidizing air must be strong enough to overcome the strength of the 
liquid bridges and cohesive forces formed between attached particles.  
An alternative situation, referred to as spray drying, may occur at very high drying rates 
resulting in the formation of small particles as the coating droplets dry before reaching 
the particle surface [10]. The formation of small particles is non-ideal, affecting the 
dynamics of the fluidized bed and uniformity of the film coat as these particles may settle 
on the wet coating film.  
The particle growth mechanism is highly dependent on the strength of the break-up 
forces provided by the fluidizing air and the strength of the cohesive forces between 
particles. A balance between these two forces is required to achieve a desired film coat 
thickness, and for coating to occur by a layering mechanism rather than particle 
agglomeration to dominate, which is highly dependent on the chosen operating 
parameters.  
1.4 Influence of Process Parameters 
The complex nature of fluidized beds has made it difficult to efficiently monitor and 
control the coating process. To ensure a high quality product, a variety of parameters 
must be taken into consideration including the inlet/outlet air temperature, inlet/outlet air 
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humidity, superficial gas velocity, atomizing air pressure, spray rate and droplet size [10]. 
Numerous studies have focused on which of these parameters have the most significant 
influence on fluidized bed granulation and agglomeration, specifically on particle growth 
and bed stability [22-26]. Such information may be related to particle coating, providing 
additional insight into fluidized bed process dynamics. The choice of materials used for 
coating and how they interact with the particles to be coated must be taken into account 
when determining the optimal parameters for efficient operation. Due to the 
interdependence of these parameters, it is important to understand how they influence one 
another and which parameters have the most significant impact on the coating process. A 
detailed study on the influence of process variables on fluidized bed coating and 
granulation is provided by Hemati et al. [10]. 
The fluidizing gas velocity is viewed as one of the most important operating parameters, 
influencing process stability, particle growth mechanisms and drying capacity [10]. In 
general, higher flow rates correspond to more efficient drying and the desired solvent 
evaporation favoring particle coating, while lower flow rates correspond to 
agglomeration and granule formation leading to bed defluidization. Granule formation at 
low gas velocities is assumed to result from an increase in contact between wet particles, 
leading to the formation of liquid bridges [10]. Alternatively, operating at too high of a 
gas velocity may decrease process efficiency and increase particle attrition. Therefore, it 
is important to operate at the appropriate fluidizing gas velocity, specific to the type of 
particles to be fluidized.  
Atomizing spray conditions that influence fluidized bed coating include the nozzle 
location, droplet size, spray rate and solution viscosity. Regarding nozzle location, some 
studies have shown placing the nozzle near the top of the particulate bed corresponds to 
an increase in coating rate and efficiency [10,27]. Alternatively, placing the nozzle too 
close may over-wet the bed resulting in bed defluidization, as well as presenting the risk 
of nozzle clogging. Hemati et al. [10] suggested too great of a distance between the 
nozzle and particle bed to increase spray drying and the amount of coating solution lost 
on the column wall. Therefore, an optimum nozzle location is desired to minimize both 
bed defluidization and the amount of coating on the column wall. 
8 
 
The droplet size of the atomized coating spray in relation to the particle being coated is 
important to ensure particle growth occurs by a layering mechanism rather than by 
agglomeration. Ideally, the droplet should be smaller than that of the particle for layering 
to occur, preventing over-wetting of the particle bed and growth by agglomeration. This 
also corresponds to the chosen spray rate, where a uniform spray is desired. If the liquid 
is added at a faster rate than the fluidizing air is able to evaporate the solvent from the 
surface there is a risk of promoting particle agglomeration or bed defluidization. As well, 
it is important to consider the solution viscosity, as too viscous of a solution may be 
difficult to atomize to obtain the appropriate droplet size, affecting spray uniformity and 
influencing film coat quality. 
1.5 Difficulties Associated with Fluidized Bed Coating 
The complex interdependence of operating parameters for fluidized bed coating may lead 
to a variety of problems or undesirable phenomena. The main issues associated with 
fluidized bed coating are i) particle agglomeration, ii) defluidization and iii) particle 
attrition. Particle agglomeration results from high moisture content within the bed, 
negatively influencing the coating process by altering process dynamics, leading to non-
uniformly coated particles and a decrease in product quality. Agglomeration is typically 
associated with bed defluidization, potentially leading to batch rejection and loss of 
product. Particle attrition takes place when the particles are vigorously circulated within 
the bed and pellet-pellet or pellet-equipment collisions are strong enough to damage the 
particles or film coating. This results in non-uniform coating, affecting the release profile 
of the drug in vivo. Therefore, it is important to minimize the occurrence of these issues 
during operation.  
1.6 Thesis Objectives 
The complex interaction between operating and physicochemical parameters, as well as 
competing phenomena in a fluidized bed, indicate the need for more sophisticated 
monitoring and control methods. The objective of this work was to assess the feasibility 
of passive acoustic emissions monitoring for the coating of pellets in a top spray fluidized 
bed. Multiple unit dosage forms containing coated pellets rely heavily on the properties 
9 
 
of the film coating for the purpose of modified drug release. This in turn is dependent on 
the quality of the fluidized bed, defined as a fluidized bed with good particle movement 
promoting an even distribution of the coating solution and efficient drying. As well, 
interactions between the pellets, fluidizing air and coating solution were studied to 
provide further insight into process behaviour.  
1.7 Thesis Overview 
Chapter 2 summarizes current techniques used to evaluate the pellet film coat in terms of 
coat thickness, uniformity and quality. A literature review is provided focusing on the 
development of monitoring methods for the coating of pellets in a fluidized bed in 
regards to film coat properties, as well as fluidization quality.  
From the literature review, a need was identified for additional research into the study of 
passive acoustic emissions for monitoring fluidized bed pellet coating. Chapter 3 assesses 
the feasibility for using such a technique to monitor the coating of glass pellets, as a 
model system, in a top spray fluidized bed. Traditional evaluation methods were 
compared to the acoustic emissions obtained from microphones attached externally on 
the column. The standard deviations of the acoustic emissions signal were shown to 
reflect local fluidization conditions, as well as information on nozzle performance. 
Building from the findings in Chapter 3, Chapter 4 examines the application of acoustic 
emissions monitoring to detect an increase in film coat thickness, with the overall goal of 
assessing the potential for determining a desired coating end-point. Analysis of the 
acoustic emissions amplitude was shown to reflect increases in film coat thickness. 
Supplemental experiments confirmed the ability of acoustic emissions to detect small 
changes in pellet collisions corresponding to film coat formation. 
Overall, Chapter 3 and Chapter 4 indicate the potential for passive acoustic emissions to 
monitor fluidized bed pellet coating. The standard deviation of the acoustic emissions 
signal provides insight into fluidization quality, while the amplitude of the acoustic 
emissions signal reflects a change in film coat thickness. Therefore, passive acoustic 
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emissions may be used to monitor pellet fluidization or pellet coat thickness, depending 
on the chosen signal analysis.   
Chapter 5 provides a general discussion and overall conclusions regarding the findings of 
this work.  
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Chapter 2  
2 Methods for Evaluating and Monitoring Fluid Bed Coating of 
Pharmaceutical Pellets  
2.1 Introduction 
The coating of pharmaceutical pellets in a fluidized bed involves the spraying of an 
atomized liquid solution onto a heated fluidized particle bed. The process is complex and 
difficult to control due to a variety of interdependent variables, including process- and 
physicochemical- related parameters [1]. For good fluidization, it is necessary to maintain 
a balance between the break-up forces provided by the fluidizing air and the cohesive 
forces provided by the liquid spray. A stable bubbling fluidization regime allows for good 
heat and mass transfer rates between the gas, liquid and solid phases resulting in the 
formation of a film coat around the pellet core [2].  It is desirable to obtain a specific coat 
thickness and homogeneity to ensure coated pellets meet the required drug design 
specifications. Therefore, there are two important aspects to be monitored and controlled 
during fluidized bed pellet coating: 1) fluidization regimes and 2) specific properties of 
the film coat. 
The most common method explored for monitoring fluidization regimes is pressure 
measurement analysis. Researchers have been able to use this method to detect bed 
defluidization, evaluate regime transitions and provide insight into fluidization 
phenomena [3-5]. 
The evaluation of film coat thickness, specifically for coated tablets, conventionally 
involves sample acquisition for a theoretical estimation based on a difference in coating 
mass and for dissolution and/or disintegration testing [6]. Considering the evaluation of 
coated pellets, these techniques are often associated with a variety of problems when 
applied to a much smaller dosage form: (i) it is difficult to accurately measure the small 
changes in pellet mass, (ii) intra- and inter- pellet variation is not considered, (iii) attrition 
of the pellet core is not accounted for, (iv) dissolution and/or disintegration testing 
provides indirect measurements, and (v) the required samples and off-line measurements 
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are invasive and time-consuming, therefore unable to provide real-time information 
necessary for process control.  
A variety of imaging and spectroscopic techniques have been explored to improve the 
measurement of tablet film coatings including near infrared spectroscopy (NIR) [7-11], 
terahertz pulsed imaging (TPI) [12-15], Raman spectroscopy [16-18], confocal laser 
scanning microscopy (CLSM) [19], laser induced breakdown spectroscopy (LIBS) 
[20,21] and attenuated total reflection-infrared (ATR-IR) imaging [22]. In comparison, 
much fewer studies have been focused on the coating of pharmaceutical pellets, but also 
include a variety of imaging and spectroscopic methods [23-26]. Overall, these methods 
are still associated with in-process sampling and off-line testing, which are disruptive to 
the process and lead to inaccurate measurements.  
Research has shifted towards the development of process analytical technologies (PATs) 
in accordance with the Food and Drug Administration’s ICH guidelines Q8 [27]. The 
development of such techniques are intended to improve the manufacturing, development 
and quality assurance, as well as the overall cost-effectiveness, by implementing more 
robust manufacturing that reflects the understanding and science behind these processes. 
Better process monitoring and control would minimize loss of product and failed batches 
while improving overall product quality. PATs that have been explored for on-line, real-
time process monitoring and control for fluidized bed coating of pellets include NIR [28], 
NIR in combination with Raman spectroscopy [29] and passive acoustic emissions 
monitoring [30].  
The following review highlights common techniques employed for evaluating 
fluidization regimes and film coat properties, as well as the more advanced monitoring 
methods under development for pharmaceutical pellet coating in a fluidized bed.  
2.2 Methods for Monitoring Fluidization Regimes 
During fluidized bed coating it is important to maintain a balance between the break-up 
and cohesive forces provided by the fluidizing air and atomized liquid spray, 
respectively. The formation of agglomerates due to excessive moisture content may result 
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in local or complete defluidization, potentially ruining an entire batch. The main focus of 
monitoring fluidization regimes is to ensure a stable bubbling fluidization regime, 
allowing for good heat and mass transfer rates.  
To identify fluidization regimes, visual observation has been used but is typically 
unreliable and highly subjective [31]. Another common method is the analysis of bed 
pressure fluctuation measurements. A more detailed review, provided by Silva et al. [31], 
discusses the methods used for monitoring fluidization regimes in both fluidized bed 
coating and granulation processes, where granulation is defined as the agglomeration of 
particulates to form larger granules. Research is limited regarding monitoring methods of 
fluidization regimes during fluidized bed coating in comparison to fluidized bed 
granulation.  
2.2.1 Pressure Fluctuation Analysis  
Pressure fluctuation signals can be analyzed in the time domain (standard deviation) or 
frequency domain (spectral analysis) by linear time series analysis, or in the state-space 
domain (chaos theory) by non-linear time series analysis [32]. Spectral analysis has been 
the focus of many studies, providing important information regarding fluidization 
regimes [31]. Specific to fluid bed coating processes, Parise et al. [4] was able to identify 
defluidization regions using the Gaussian spectral pressure distribution: a specific method 
of pressure fluctuation signal analysis [4]. A variety of coating experiments were 
performed with varying process conditions to monitor different fluidization regimes. For 
all experiments, the initial moment when defluidization began was identified. Further 
work included the improvement of fluid-dynamic conditions by developing a PI 
controller [5].  
For monitoring fluidization regimes, pressure fluctuation analysis is often useful, but 
does not provide any information regarding specific properties of the film coat. As well, 
equipment modifications are required and additional regulations must be considered due 
to the possibility of bed material contacting the probe end. Ideally, an integrated control 
method capable of monitoring both fluidization and film coat parameters is desired.  
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2.3 Methods for Evaluating the Coating of Pharmaceutical 
Pellets 
2.3.1 Traditional Methods 
Conventional techniques employed to evaluate the film coat require sample acquisition 
for the theoretical determination of film thickness based on coating mass, and for 
dissolution and/or disintegration testing [6]. Such methods are invasive and disruptive to 
the process, and require laborious and inefficient off-line testing. These techniques have 
limited applicability to pellet coating due to the difference in size between pellets and 
tablets, and the difficulty associated with detecting small differences in weight. As well, a 
variety of assumptions are required to use these techniques: (i) the pellet and film coat are 
perfectly spherical, (ii) the film coat is uniform and equal, and (iii) all pellets are initially 
the same size [25]. Such traditional methods do not take into account any intra- or inter- 
pellet and film coat variations, as well as any loss of the film coat or pellet core due to 
attrition, leading to inaccurate estimations of film coat thickness and quality.  
2.3.2 Image Analysis Methods 
A variety of image analysis methods have been studied to characterize properties of the 
film coat. Such analytical tools are limited by the need to periodically remove samples 
from the coating process. Conventional image analyses, such as scanning electron 
microscopy (SEM) and fluorescence microscopy, are restricted to the particle surface, 
limiting a full analysis of the film coat [25]. Other methods require slicing of the pellet 
into segments, presenting a variety of problems including complete destruction of the 
pellet. These techniques are typically non-ideal for implementation in large-scale 
industrial processes. However, the methods presented below have led to important 
discoveries regarding fluidized bed coating, which may be applied to the development of 
future monitoring methods. 
2.3.2.1 Fluorescence Microscopy 
Conventional fluorescence microscopy is often limited to the pellet surface, providing an 
indirect indication of film coat quality [25]. To better assess film coat thickness, 
Andersson et al. [23] developed an alternative method using fluorescence microscopy as 
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an image analysis technique. The method required that pellets be sliced into two equal 
parts, allowing for the film coat thickness to be determined by a difference in 
fluorescence intensity between the pellet core and coat. Pellet images were related to the 
release rate using mathematical models for the prediction of release rate variations. A 
major conclusion from the study identified significant variations in coat thickness 
resulting from inter- and intra- particle differences [23]. As well, the results touched on 
the applicability of using such imaging methods in combination with other techniques; 
for example, as a reference method for NIR spectra calibration.  
A major disadvantage of the proposed method was the extensive sample preparation 
required for film coat analysis. Each sample removed from the process was carefully 
glued onto an iron plate and cut into two equal parts. The need for in-process sample 
acquisition and off-line sample preparation provided a non-ideal method for evaluating 
the film coat, especially for implementation in large-scale manufacture.  
2.3.2.2 Digital Imaging 
Mozina et al. [6] investigated digital visual imaging for the assessment of pellet coating 
and particle agglomeration in a fluidized bed during a coating process. The method 
required that pellets be obtained from a manual sampler, located at the side of a fluidized 
bed. A variety of factors were concluded to negatively affect the digital visual 
measurements of pellet size and shape including variation in pellets, batch 
inhomogeneity, light background inhomogeneity, sensor noise, and incorrect system 
calibration [6]. Such factors influenced result accuracy, highlighting the need to minimize 
the impact of these variables on image processing techniques. The influence of 
agglomeration was identified to bias coat thickness values; agglomeration resulted in an 
increase in the average particle size, similar to the growth of the film coat [6]. 
Overall, the study showed that digital visual imaging was useful for evaluating pellet 
coating processes, regarding accuracy, precision, stability and speed [6]. The proposed 
method provided real-time, continuous measurements for the detection of agglomeration 
but was unable to provide an indication of the overall film coat quality. Drawbacks 
associated with the method included the influence of numerous factors on digital imaging 
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measurements, calibration of system parameters and the dependency on in-process 
sampling, which is disruptive to the process.  
2.3.2.3 Confocal Laser Scanning Microscopy 
Confocal laser scanning microscopy (CLSM) is defined as a non-destructive imaging 
technique, capable of characterizing the film coat through optical sectioning [25]. With 
the addition of fluorescent labeling, the film coat and core can be distinguished from one 
another [9,19,33]. Several studies have identified CLSM as a promising and convenient 
method for evaluating the film coat surface or average coat thickness of microcapsules 
[34-38]. Due to similarites in size, this suggests the promise of CLSM for evaluating the 
film coat of pharmaceutical pellets, in addition to microcapsules.  
A quantitative image analysis method using CLSM in combination with a MATLAB 
image processor was developed by Laksmana et al. [24] to measure the film coat 
thickness and film coat pore size distribution of pharmaceutical pellets. The main purpose 
of this research was to analyze the film coat in terms of its functionality, providing 
important information regarding porosity and pore size distribution of the film coat. 
Coated pellets were compared from two fluidized bed configurations: top spray and 
bottom spray, where more porous pellets with larger pore sizes were concluded to be 
produced in top spray fluidized beds [24].  
Depypere et al. [25] evaluated film coat quality, in addition to film coat thickness, using 
CLSM in combination with image analysis. A coat thickness distribution was generated 
providing more information regarding properties of the film coat. The quality of the film 
coat, as defined by Depypere et al. [25], is the ratio of average coat thickness to the 
average standard deviation of coat thickness distributions. Various case studies were 
performed on different fluidized bed configurations, leading to the following conclusions: 
i) high coating levels corresponded to an increase in coat quality, and ii) an increase in 
the distance between the nozzle tip and powder bed decreased the average coat thickness 
and decreased coat quality [25]. Overall, CLSM was capable of sufficiently measuring 
film coat thickness and quality of spherical, inert particulates less than 5 μm in size. A 
resolution limit to the technique was identified, as thin films (<1 μm) were difficult to 
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characterize due to the decreased contrast between the fluorescently labeled film coat and 
pellet [25].  
For both studies, the film coat thickness was calculated indirectly, potentially leading to 
inaccurate estimations. Invasive sampling, fluorescent labeling, off-line analysis and 
extensive image processing limit the industrial application of analytical methods 
involving CLSM. 
2.3.2.4 X-ray Micro Tomography 
X-ray micro tomography is defined as a non-destructive imaging technique capable of 
providing two-dimensional (2D) and three-dimensional (3D) images [26]. The images are 
produced based on the way X-rays attenuate in different matter, which is influenced by 
the density and atomic number of the matter being studied [26]. The reconstruction of 
various cross sectional images using mathematical algorithms produces a 3D image of the 
object.  
Perfetti et al. [26] examined the feasibility of X-ray micro tomography to evaluate 
numerous characteristics of film coat quality, including coat thickness, uniformity, 
porosity, density, volume and surface area. The method was able to non-destructively 
produce high-resolution 3-D images, providing an in-depth analysis of the film coat. It 
was concluded that spherical particles corresponded to a smoother coating surface 
compared to coated non-spherical particles. Overall, X-ray micro tomography was 
identified as advantageous over SEM due to its higher statistical reliability and non-
destructive imaging technique [26].  
X-ray micro tomography requires complex mathematical algorithms in order to 
reconstruct images, as well as expensive X-ray equipment and technology [26]. The 
resolution of the technique is limited due to difficulty in distinguishing between the film 
coat and pellet core when a thin layer of coating is applied. Again, in-process sampling 
presents a potential disruption to the process. The methods dependency on material 
density and atomic number limits the quality of the image. X-ray micro tomography is a 
powerful tool for characterizing the film coat, providing specific details and high quality 
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information, but the limited resolution and inability to provide rapid at-line information 
restrict its current applicability for daily process control.  
2.3.3 Spectroscopic Methods 
2.3.3.1 Raman Spectroscopy 
Optical spectroscopy is an analytical technique based on the absorbance of frequencies at 
different wavelengths, ranging from the ultraviolet and visible region to the infrared 
region, where Raman spectra are identified as comparable to infrared spectra [29]. Raman 
spectroscopy was assessed by Sovany et al. [39] to evaluate film coat thickness compared 
to traditional methods. Two problems were encountered during this study: i) the intensity 
of the Raman signal weakened as a result of scattered light and the difference in size 
between the pellet and large laser spot, and ii) characteristic peaks of the active 
pharmaceutical ingredient overlapped with peaks of the coating material leading to 
inconclusive results. The study confirmed general issues experienced with Raman 
spectroscopy, where a weak signal is easily influenced by background effects 
corresponding to difficult analyses [29]. Implementing additional scans and selecting 
appropriate measurement conditions have the potential to minimize these issues [39].  
2.3.4 Evaluating Colour 
When evaluating film coat uniformity, colour distribution can be measured to provide an 
indication of film coat properties. Traditionally a tristimulus colorimeter is used, which 
measures colour by rotating the pellet on a stage with a sharp pair of forceps [40]. The 
pellet often favors a side as it rotates, influencing the accuracy of the results. To improve 
this technique, Chan et al. [40] analyzed four methods for measuring the color 
distribution of coated pellets, including the use of a specially designed pellet holder. The 
new pellet holder improved the measurement of pellet color homogeneity but was 
associated with some significant disadvantages, including time-consuming sample 
acquisition and again, off-line testing.  
22 
 
2.4 Methods for Monitoring the Coating of Pharmaceutical 
Pellets 
The discussed methods for evaluating coated pharmaceutical pellets are associated with 
various drawbacks, including the practice of in-process sampling followed by extensive 
off-line testing. This leads to disruptive, time-consuming and inaccurate analyses, 
indicating the need for developing non-invasive tools that provide on-line and real-time 
measurements for process monitoring and control. Spectroscopic and acoustic methods, 
as well as visiometric process analyzers, have been explored as potential tools to monitor 
fluidized bed coating processes.  
2.4.1 Spectroscopic Methods 
2.4.1.1 Near Infrared Spectroscopy 
As an analytical tool, near-infrared (NIR) spectroscopy has been gaining popularity in the 
pharmaceutical industry due to its ability and potential to provide fast, easy, sensitive, 
non-invasive and non-destructive analysis [41]. It is often used to determine the moisture 
content of pharmaceutical materials and/or products during pharmaceutical production 
[29].  A more detailed review provided by Roggo et al. [10] summarizes applications of 
NIR spectroscopy in the pharmaceutical industry. There are limited studies that focus on 
the application of NIR spectroscopy for the analysis of coated pharmaceutical pellets in a 
fluidized bed.  
One study conducted by Lee et al. [28] combined NIR spectroscopy with CLSM and 
particle size analysis (LD-PSA) to develop calibration models for the assessment of film 
coat thickness and for the prediction of an optimal coating process end-point. Both 
models resulted in good correlations, despite larger thickness values recorded for LD-
PSA compared to CLSM. A consistent change in the coat thickness was suggested to 
explain why both produced good calibration models. The developed models were able to 
predict the coating thickness in separate experiments with 99% accuracy [28]. 
A significant disadvantage of using NIR spectroscopy was the extensive calibration of 
spectra and the corresponding complex analysis required. The invasive nature of the fiber 
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optic probe, in this case, to obtain NIR data and periodic sampling needed for CLSM and 
LD-PSA analyses were major drawbacks of the method. A window or port into the vessel 
and other equipment modifications are often required when using spectroscopic methods. 
Kato et al. [41] evaluated the risks and benefits of using NIR spectroscopy for process 
monitoring. The study found different coating formulations, variations in coating 
thickness and amount of coating applied influenced the accuracy of NIR spectra [41]. 
Specifically, NIR spectroscopy was evaluated on its ability to determine the coating 
process end-point for spherical and cylindrical pharmaceutical pellets. Spherical granules, 
where the coating layer was characteristically thin, provided good results for NIR 
spectroscopy [41]. On the contrary, cylindrical granules, where the coating layer was 
much thicker, resulted in the misinterpretation of data. As the layer increased, the 
titanium dioxide in the coating layer caused the NIR light to scatter, indicating false 
saturation [41]. The study emphasized the influence of film coat parameters and pellet 
shape on the chosen monitoring method and its corresponding accuracy.  
2.4.1.2 Near Infrared in Combination with Raman Spectroscopy 
Bogomolov et al. [29] studied the combination of NIR and Raman spectroscopy for 
monitoring the coating of pellets in a fluidized bed. Four batch experiments were 
analyzed to assess measurement sensitivity to coat thickness and moisture content. Wet 
pellets were concluded to influence light propagation, where a high level of moisture 
content corresponded to lower spectra intensity due to an increase in incident light 
penetrating the coating material [29]. Over wet process conditions were found to interfere 
with the spectroscopic measurements, affecting spectra intensity. It was concluded that 
the acquired spectra provided some important information related to the process, overall 
presenting a potential monitoring method.  
Drawbacks of the monitoring method included the extensive calibration and analysis 
required; a common issue with spectroscopic methods. The probe used to acquire spectra 
data was placed within the fluidized bed resulting in potential probe fouling and 
contamination issues, affecting measurement accuracy. Additionally, manual operation 
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was needed to collect Raman spectra, which is time-consuming and inefficient for large 
scale process monitoring.  
2.4.2 Passive Acoustic Emissions  
Passive acoustic emissions have been explored as a monitoring technique in various 
industries, such as the chemical, biochemical and food industries, to provide insight into 
physicochemical changes that occur within a process [42]. Acoustics, defined as the 
generation, transmission and reception of energy in the form of vibrational waves [43], 
have the ability to collect process information non-invasively, providing on-line and real-
time measurements. In the pharmaceutical industry passive acoustic emissions have been 
used to monitor high-shear and fluidized bed granulation processes, as well as fluidized 
bed drying and mixing processes [44-50]. In a fluidized bed, the passive acoustic 
emissions are generated as a result of (i) particle-particle or particle-equipment collisions, 
(ii) friction resulting from these collisions, and (iii) air turbulence from the fluidizing air 
[44], and measured by microphones attached externally to the unit. There is limited 
research focusing on the application of passive acoustic emissions monitoring for the 
coating of pharmaceutical pellets in a fluidized bed.  
One study, conducted by Naelapää et al. [30], identified passive acoustic emissions as a 
potential method for monitoring the coating of pharmaceutical pellets in a fluidized bed. 
Vibrations from the passive acoustic emissions produced during the coating of potassium 
chloride crystals were measured using four accelerometers. The acquired signals were 
compared to the estimated coat thickness by dissolution testing and the theoretical 
amount of film coating applied. The monitoring technique showed promise but produced 
inconclusive results due to: (i) repositioning of sensors between batches resulting in 
signal differences, (ii) limited samples were removed providing an unrepresentative 
sample of the entire batch and (iii) an indirect estimate of the film coating was measured 
using the volume drop of the coating solution rather than directly measuring the actual 
coating on the pellets. Naelapää et al. concluded that additional research, proper sampling 
procedures and improved product characterization was necessary to confirm the use of 
passive acoustic emissions as a method for process monitoring and control [30].  
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2.4.3 Visiometric Process Analyzers  
A main source of variability during the coating process is a result of the circulation 
pattern of particles within a fluidized bed, influencing coat uniformity. Liew et al. [51] 
proposed the use of high-speed imaging to track particle recirculation in a partition 
column of a bottom spray fluidized bed. High-speed imaging combined with ensemble 
correlation particle image velocimetry allowed for the quantification of particle 
recirculation within a fluidized bed [51]. According to Liew et al. [51], the integration of 
visiometric process analyzers with other process analyzers has the potential to increase 
process understanding and provide a more complete approach to process control. 
A supplementary study focused on applying visiometric process analyzers to monitor 
particle mass flow rate. More specifically, the effect of the partition gap and air 
accelerator insert size on the downward movement of particles in a bottom spray 
fluidized bed was assessed [52]. The results of the study concluded that a higher partition 
gap corresponded to an increase in mass flow rate, increasing particle circulation within 
the column, resulting in a more uniform coating layer.  
The proposed monitoring method is non-invasive and sensitive to process changes, with 
the ability to provide real-time measurements. On the contrary, a transparent unit, 
observation window or clear partition column is required, which is uncommon for large-
scale coating processes. For large-scale implementation, additional modifications would 
be required, such as an increase in the intensity of the laser light and the development of 
correction factors for distorted images due to the increase in column size [52]. At a larger 
scale, a significant amount of data would be generated, increasing the amount of data to 
be processed. The developed method has only been applied to bottom spray fluidized 
beds, as the uniformity of the coating layer was related to pellet movement within a 
partition column, and is therefore, not applicable to top or tangential spray fluidized beds.  
2.5 Conclusions 
The process of fluidized bed coating involves the complex interaction between gas, liquid 
and solid phases, and is easily influenced by variations in process parameters. For the 
manufacture of a desired end-product the process must be carefully monitored and 
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controlled regarding fluidization regimes and properties of the film coat. Pressure 
fluctuation signal analysis is the most common method employed to monitor fluidization 
regimes providing an indication of the onset of defluidization, but the method still 
requires equipment modifications and is associated with the potential for probe fouling. A 
variety of evaluation techniques have been explored to analyze properties of the film 
coat, but are often associated with in-process sampling and inefficient off-line analyses. 
Due to the preferred implementation of process analytical technologies for the 
improvement of pharmaceutical manufacturing, the development of non-invasive, on-line 
and real-time monitoring tools has been explored. Various techniques, including 
spectroscopic and acoustic methods, as well as visiometric process analyzers, are 
currently being studied for their monitoring potential. Passive acoustic emissions 
monitoring provide a non-invasive and affordable solution, requiring less extensive signal 
analysis compared to other techniques. For large-scale industrial implementation, 
additional research is still required. Ideally, a combination of analytical tools capable of 
monitoring and controlling both fluidization regimes and film coat properties is desired.  
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Chapter 3  
3 Passive Acoustic Emissions Monitoring of the Coating of 
Pellets in a Fluidized Bed – A Feasibility Analysis  
3.1 Introduction 
Pharmaceutical pellets are small, spherical particles between 100 and 1000 μm in 
diameter that contain the active ingredient or drug. These pellets are film coated to 
control the release rate of the active ingredient, as well as to protect the drug from heat, 
moisture and light, provide mechanical stability and improve appearance of the dosage 
form [1]. The coated pellets are packed into capsules to create a multiple unit dosage 
form to be taken orally. The release rate of the active drug is dependent on the 
uniformity, thickness and overall quality of the coating film on the pellets [2-4]. Capsules 
containing coated pellets are a relatively new multiple unit dosage form. This form has 
advantages over conventional tablets of reducing variations in gastro intestinal transit 
time and minimizing the potential of dosage dumping [5], which are significant factors 
for potent drugs with critical dosages and delivery. 
Coating processes are performed in either a rotated drum pan coater or a fluidized bed 
coater of the top spray, bottom spray or rotating configuration. For larger solid dosage 
forms such as tablets pan coating is preferred [6], while fluidized bed coating is better 
suited for the lighter, smaller dosage forms such as pellets. These particles are easier to 
fluidize resulting in good particle mixing. An atomized liquid spray consisting of a solute 
and solvent is sprayed onto the fluidized pellet bed. The heated fluidizing air evaporates 
the solvent, leaving behind the solute to form the coating film around the pellet core [1].  
Fluidized bed coating is a complex process. A variety of parameters must be taken into 
consideration to ensure the desired end-product is achieved, including the inlet/outlet 
temperature, inlet/outlet humidity, superficial gas velocity, atomizing air pressure, spray 
rate and droplet size [7]. Due to the interdependence of these parameters, an on-line and 
real-time monitoring technique is required to provide further insight into process 
dynamics and to improve process control. A top spray fluidized bed has exceptional need 
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for the development of process monitoring and control, as these coating processes are 
associated with random particle flow, non-uniform coating and a high risk of bed 
defluidization [1,8,9]. 
Pressure measurement analysis is the most common technique for monitoring 
fluidization. These measurements have been used to detect bed defluidization, evaluate 
regime transitions and to provide insight into fluidization phenomena [10-12]. Pressure 
fluctuation analysis may provide general information about fluidization behavior of 
fluidized bed coating, but provides no information about the film coat.  
Conventional techniques used to evaluate the film coat of tablets require sample 
acquisition for the theoretical determination of film thickness based on coating mass and 
for dissolution or disintegration testing [13]. These techniques have many drawbacks 
especially for pellet coating: (i) the weight gains of the pellets are small and difficult to 
accurately measure, (ii) variations between pellets are not considered, (iii) measurement 
of weight gain does not account for any loss of the core pellet due to attrition, (iv) 
disintegration and/or dissolution testing provides only an indirect measurement of coat 
thickness and does not evaluate coat uniformity, and (v) sampling and measurements are 
time consuming and therefore cannot provide real time information that is critical for 
process control. Techniques that are being developed to improve measurement of coating 
include a variety of imaging and spectroscopic methods [2,3,14,15].  These methods, 
however, still involve in-process sampling and off-line testing, which are disruptive to the 
process, time-consuming and inaccurate.  
Research has shifted towards the development of on-line, non-invasive monitoring tools 
for process control, due to the Food and Drug Administration’s initiative to implement 
process analytical technologies (PATs) for the improvement of pharmaceutical 
manufacturing, development and quality assurance [16]. 
Techniques that have been investigated for on-line and real-time monitoring and control 
of fluidized bed coating of pellets include near infrared spectroscopy [4], combined near 
infrared and Raman spectroscopy [17] and passive acoustic emissions monitoring [9]. 
Raman and near infrared spectroscopy both require a window or port into the process 
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vessel which necessitates equipment modifications and can also lead to inaccurate 
measurements if the window or probe interface becomes fouled. In addition, Bogomolov 
et al. [17] found that over wet process conditions interfered with the measurements, as the 
wet pellets changed light propagation conditions, which affect the intensity of the spectra. 
Depypere et al. [2] further argued that near infrared spectroscopy does not have the 
required spatial resolution to enable accurate measurements of the pellet coating as the 
pellets themselves are small and the coating is thin, about 25 to 75 μm.  
Acoustics, defined as the generation, transmission and reception of energy in the form of 
vibrational waves [18], have shown potential as a basis for the development of on-line 
monitoring and control systems. As a monitoring technique, it has been explored in 
various industries, such as the chemical, biochemical and food industries, to provide 
insight into the physicochemical changes that occur within a process [19]. Specifically, in 
the pharmaceutical industry, passive acoustic emissions have been used to monitor high-
shear and fluidized bed granulation processes, as well as fluidized bed drying [20-25]. A 
major advantage of acoustic emissions monitoring is the non-invasive nature and real-
time means of collecting process information. 
Passive acoustic emissions from a fluidized bed, described by Tsujimoto et al. [20], are 
generated as a result of (i) particle-particle or particle-equipment collisions, (ii) friction 
from these collisions, and (iii) air turbulence generated by the fluidizing air passing 
through the particle bed. One study, conducted by Naelapää et al. [9], highlighted the 
possibility of applying passive acoustic emissions monitoring for the coating of pellets in 
a fluidized bed. Four accelerometers were used to measure the vibrations from the 
passive acoustic emissions during the coating of potassium chloride crystals and the 
signals were compared to samples tested for dissolution and to the theoretical amount of 
film applied. The technique appeared promising, but many of their results were 
inconclusive due to: (i) differences in the signals from repositioning the sensors between 
batches, (ii) samples were not representative of the entire batch as only limited samples 
were extracted and (iii) the amount of applied coating was estimated from the volume 
drop in coating solution rather than direct measurements of the actual coated pellets.  
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Our research builds from the work by Naelapää et al. [9] carefully considering the factors 
that led to their inconclusive results. Due to limited research on the development of 
monitoring methods for fluidized bed coating of pharmaceutical pellets, the objective of 
our research was to assess the possibility of applying passive acoustic emissions 
monitoring to the coating of pellets in a fluidized bed.  
3.2 Materials and Methods 
3.2.1 Fluidized Bed 
A schematic of the top spray fluidized bed is shown in Figure 3-1. The air entered a wind 
box and is then distributed into the conical bed through a polyethylene distributor plate 
with a pore size of 75 μm.  
 
Figure 3-1: Schematic of top spray fluidized bed with instrumentation 
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A differential pressure transducer (Omega Model 163PC01D36) recorded pressure data 
using a National Instruments data acquisition system and LabVIEW software. The 
transducer measured the pressure drop across the bed (one port located 0.050 m above the 
grid and a second port located 0.100 m above the grid) at a sampling rate of 1000 Hz. 
Three piezoelectric microphones (PCB Piezotronics Model 130P10) were used to record 
passive acoustic emissions. The data was recorded using a National Instruments data 
acquisition system and LabVIEW software. Microphone 1 was suspended in the exhaust 
of one of the air outlets located at the top of the column. Microphones 2 and 3 were 
attached flush to the exterior of the column 0.150 m and 0.025 m above the grid, 
respectively. This allowed for measurements to be obtained at the interface of the 
fluidized pellet bed and liquid spray, and at the grid. All three microphones recorded data 
at a sampling rate of 40 000 Hz to allow full reconstruction of the audible frequency 
range (20 – 20 000 Hz) without aliasing. Statistical and frequency signal analysis was 
performed off-line using Matlab version 7.10 in 10 second consecutive chunks.  
A sampling port with a side sampling thief, located 0.057 m above the grid, allowed for 
samples to be withdrawn during trials. An atomizing spray nozzle (John Brooks 
Company Limited, Reference #: 1/8 PRJJB 0.0390) was located at the top of the column. 
The spray tip was 0.559 m above the distributor. The top of the column contained four 
filtered air outlets.  
3.2.2 Coating Experiments 
Glass pellets, 1000 μm in diameter and a density of 2.4 g/cm3, were coated with a 5% 
(w/w) sugar solution. These materials were selected as a reusable, model pellet system 
comparable to microcrystalline cellulose starter cores, Cellets
®
, that have a diameter of 
1000 μm and a density of 0.8 g/cm3, and are often coated and used in multi-particulate 
dosage forms. For each trial approximately 2 kg of glass pellets were coated.  
The inlet air temperature was heated to 35 °C with a humidity of approximately 15%. A 
superficial gas velocity of 1.85 m/s was used to fluidize the pellets. An atomizing spray 
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pressure of approximately 40 psi was used to spray the coating solution, corresponding to 
a spray rate of approximately 20 mL/min.  
Coating was performed over four 2-minute intervals, with a total coating time of 8 
minutes (Figure 3-2). Approximately 10.0 g of pellets were removed periodically using 
the sampling port during each trial. Samples were removed before and after each coating 
period (S1, S2, S3, S4, S6, S7, S9, S10) and throughout the drying period (S5, S8, S11, 
S12, S13). From each sample, 100 pellets were carefully counted, weighed, washed with 
1000 mL of warm water at 35°C, dried on trays for about 20 hours at a temperature of 
20
o
C and humidity of 10%, and re-weighed once dry. The coat thickness per pellet was 
calculated based on the coating mass per 100 pellets, assuming the film coat was 
perfectly uniform and evenly distributed among the 100 pellets. This allowed for the film 
coat thickness to be directly measured for each sample.  
 
Figure 3-2: Coating timeline - B: Baseline, C: Coating Period, D: Drying Period,            
S: Sample 
Acoustic and pressure measurements were recorded during each trial. The measurements 
were started prior to the first coating period to ensure measurements taken under initial 
stable operating conditions. Preliminary trials were conducted to assess the sampling and 
passive acoustic emission measurements.  Consistent and reproducible results could be 
obtained.  In addition, it was confirmed that samples could be removed from the bed at 
intervals without significantly affecting the bed dynamics. 
3.3 Results 
Coat thickness was expected to increase after each coating period.  Figure 3-3a shows a 
slight increase in the measured coat thickness per pellet during each trial. The coat 
thickness from theoretical calculations, shown in Figure 3-3b, was calculated through 
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mass balances using the spray rate over the 2 minute coating interval and assuming 
perfect, uniform coating for every pellet within the bed.  
 
 
Figure 3-3: Measured (a) and theoretical (b) film coat thickness per pellet 
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Pellet fluidization is important to ensure good particle mixing and for good heat and mass 
transfer rates. Figure 3-4 compares the operational superficial gas velocity with the 
minimum fluidization velocity calculated using the measured mass of a pellet averaged 
over 100 pellets from a sample. The operational superficial gas velocity was always 
higher than the calculated minimum fluidization velocity. 
 
Figure 3-4: Operational superficial gas velocity compared to theoretical minimum 
fluidization velocity 
Effective drying allows for the desired film coat to form around each individual pellet 
after each coating period. Samples removed during the drying periods allowed the drying 
rate to be estimated. As shown in Figure 3-5, the drying rate decreased with time.  
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Figure 3-5: Estimated drying rate 
The pressure drop across the bed, shown in Figure 3-6, confirmed the bed remained 
fluidized throughout a trial. Shifts in the signal were observed when the coating spray 
was turned on and off, but stabilized after a few minutes. Visual observation through a 
window in the side of the bed also confirmed that the bed remained fluidized.  
 
Figure 3-6: Measured pressure drop across the bed 
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Passive acoustic emission measurements provide a non-invasive, real-time means of 
obtaining process information. Figure 3-7 shows the passive acoustic emissions measured 
at the exhaust, interface and grid. The range in amplitude was five times greater for 
acoustic emissions acquired at the exhaust compared to microphones attached flush to the 
exterior of the column at the interface and grid. Identification of features within the 
signals that correspond to the coating process was difficult indicating the need for signal 
analysis to extract information.  
Statistical and frequency analyses of the acoustic emissions were examined. Considering 
on-line implementation and the ability to provide real-time feedback, a statistical analysis 
was chosen. Specifically, an important balance between processing time and information 
provided was achieved when analyzing the standard deviation of the emissions signal 
compared to the more complex frequency analysis technique. Figure 3-8 shows the 
standard deviation of the passive acoustic emissions, over 10 second consecutive 
intervals, measured at the exhaust, interface and grid. For the emissions in the exhaust, 
shifts in the standard deviation were easily and clearly identified that corresponded to the 
spraying and drying periods. Shifts in the standard deviation that corresponded to 
spraying and drying periods were also obtained for emissions measured at the interface. 
Changes in the standard deviation that corresponded to operation modes of the bed were 
most difficult to identify using acoustic measurements at the grid.  
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Figure 3-7: Raw acoustic emissions signals obtained at the exhaust (a), interface (b) and 
grid (c) 
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Figure 3-8: Standard deviation of the acoustic emissions signals obtained at the exhaust 
(a), interface (b) and grid (c) 
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3.4 Discussion 
Figure 3-3a and 3-3b identify the difference in measured and theoretical coat thickness 
values. The theoretical coat thickness was always larger than the measured value, 
indicating a final thickness approximately 6 times greater than the measured value after 
the fourth coating period; some of the liquid coating spray did not contribute to the 
formation of the film coat and may have coated the walls of the equipment rather than the 
pellets. There was some variability in the measured coat thickness especially near the 
beginning of the process. This reflected difficulties in obtaining representative samples 
from the bed and also the time required for the coating to be distributed throughout the 
bed. The spray was applied to the top of the fluidized bed. If the bed was well fluidized 
then the pellets were constantly moving allowing the surface of the bed to be refreshed 
and bringing many pellets into the spray zone. Coating liquid could also be transferred 
from pellet to pellet as the pellets move and contact each other within the bed. There was 
still some variability in the measured coat thickness near the end of the process: 
difficulties obtaining representative samples still remained, but lower fluidization quality 
hindered distribution of the coating liquid through pellet-pellet contact and transfer.  
The pellets gained mass as the coating was applied. This increase in mass required a 
higher superficial gas velocity to reach minimum fluidization as calculated using Ergun’s 
equation [26]. Over the entire coating process, the calculated minimum fluidization 
velocity increased by approximately 25% (Figure 3-4). As the operational superficial gas 
velocity remained constant, this meant that the fluidization behavior of the pellets 
changed with time. The bed was vigorously fluidized with pellets moving rapidly within 
the bed at the beginning while pellet movement was slower at the end of the process. This 
decrease in pellet movement had a negative impact on the coating process as uniform 
coating can only be achieved with fast renewal of pellets within the spray zone and 
significant contact and transfer of the liquid coating between pellets within the bed.  
During the drying periods, some of the water was evaporated from the pellet surface 
leaving the sugar to form the coating film. The mass of the pellets correspondingly 
decreased and fluidization improved. In addition, drying reduced the stickiness of the 
film coat. A sticky coating on the pellet increased friction between the pellets, which 
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hindered fluidization. As shown in Figure 3-5, the drying rate decreased with time. As the 
fluidization quality decreased with the mass gain of the pellets from the film coat, the 
drying air no longer contacted the pellets as efficiently. During the last drying period, D4, 
a negative drying rate of 0.000109 g/min per 100 pellets was measured.  This 
measurement highlighted the reduction in fluidization quality and therefore drying 
efficiency with process time, as well as difficulties obtaining representative samples 
especially when the bed was not vigorously fluidized.  
Although the bed remained fluidized throughout the entire process, validated by the 
observed stable pressure drop within the bed (Figure 3-6), the overall fluidization quality 
decreased. Fluctuations in the pressure signal were observed after each coating period as 
the bed became wet and less stable, but improved after a few minutes. The overall 
fluidization quality negatively impacted the distribution and uniformity of the coating and 
also hindered its drying. In addition, as the coated pellets velocity within the bed 
decreased, it was more difficult to obtain representative samples. Sampling and off-line 
analyses was thereby more inaccurate, indicating a more critical need to accurately and 
reliably monitor the process to determine an optimum end. This highlights the importance 
of developing another technology for monitoring fluidized bed coating of pellets.  
Figure 3-7 shows the passive acoustic emissions measured at the exhaust, interface and 
grid. The amplitude of the fluctuations was much larger for measurements at the exhaust 
compared to those at the interface and grid. Attenuation was minimized at the exhaust as 
the emissions only travelled through the freeboard and filter cloth before capture by the 
microphone. There was significant attenuation through the equipment walls for the 
externally located microphones at the interface and the grid, resulting in measurements 
with much lower amplitudes. Similar results were obtained by Hansuld et al. [22] and 
Briens et al. [24] for passive acoustic emissions recorded in the exhaust versus externally 
on a high shear granulator bowl. Additionally, the amplitude of the emissions measured 
at the interface was slightly larger than that measured at the grid. At the interface, the 
pellets move relatively easily and high frequency, high energy pellet-pellet and pellet-
equipment wall collisions occurred, resulting in relatively large acoustic emissions. At 
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the grid, pellet motion was slower, collisions less frequent and at lower energies, 
corresponding to smaller acoustic emissions.  
Statistical and frequency analyses were investigated to extract process information from 
the acoustic emission measurements. The measurements were divided into 10 second 
consecutive intervals for analysis. This interval was selected as a balance between 
sufficient information within an interval for reliable analysis and conclusions about the 
process versus response time for control. Similarly, analyses were also selected with the 
criterion for fast and automatic computational time to allow future incorporation into 
monitoring and control systems. 
The standard deviation offers fast and automatic computations and, as shown in Figure 3-
8, extracted information from the acoustic emissions that correlated with process 
conditions. The standard deviation reflected fluctuations in the measurements both in 
amplitude and frequency. Each of the locations showed a unique response as different 
aspects of the process were measured and highlighted.  
Figure 3-8a shows the standard deviation of the acoustic emissions measured at the 
exhaust. The standard deviation increased during the coating periods and decreased 
during the later drying periods. The acoustic emissions measured by the microphone at 
this location had significant contributions from pellet-pellet and pellet-equipment wall 
collisions near the bed surface as well as from the spray exiting the nozzle and impacting 
on the bed surface. The spray added to the acoustic emissions from the bed creating a 
complex signal, increasing the standard deviation when the spray was turned on. The 
hydrodynamics of the bed changed with time as fluidization became more difficult with 
the weight gain of the pellets from the film coat. Fewer pellet collisions with less energy 
at the bed surface decreased this contribution to the measured acoustic emissions. The 
relative contribution of the spray to the measured acoustic emission thereby increased 
over time and this was reflected in the larger changes in the standard deviation during the 
spray periods near the end of the process. Acoustic emissions measured at the exhaust 
could be used for monitoring the spray performance specifically to detect nozzle clogging 
which would negatively impact the coating process.  
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Figure 3-8b shows the standard deviation of the acoustic emissions measured at the 
interface where the spray impacted upon the fluidized bed surface. The different profile at 
this location compared to the exhaust highlights that contributions to the measured 
acoustic emissions will change with sensor location. At this location, the dominant 
contribution was from pellet-pellet and pellet-equipment wall collisions near the surface 
of the fluidized bed. During the spray periods, the standard deviation decreased while it 
increased during the drying periods. During spraying, the pellets at the bed surface in the 
spray zone became coated in the solution. Their mass increased, but their velocity 
decreased resulting in fewer collisions with overall less energy. During the drying 
periods, the film coat began to dry. The pellets lost mass due to evaporation of the water 
and began to move more rapidly with more collisions at higher velocities or energy 
levels. The last spraying period, C4, was difficult to identify. At this point the pellets 
within the bed remained wet and coating and fluidization was difficult.  
Acoustic emissions measured at the interface where the spray impacts upon the bed 
surface could be used to provide information about interactions within the spray zone, 
which have a direct relation to the distribution and uniformity of the coating on the 
pellets. Large changes in the standard deviation during the spraying and drying periods 
indicate good fluidization with excellent distribution of the coating liquid followed by 
efficient drying. Small changes in the standard deviation can indicate poor fluidization 
and the need to increase the superficial gas velocity to ensure optimum process 
conditions.  
Figure 3-8c shows the standard deviation of the acoustic emissions measured near the 
grid. The profile was similar to 3-8b as this location reflected fluidization quality, but a 
much larger range in the standard deviation was observed and changes with process 
conditions were more difficult to identify. In addition changes in the standard deviation 
did not always correspond exactly to the coating and drying periods reflecting the time 
required for the coating solution applied at the bed surface to be distributed and start to 
impact the behavior of pellets near the grid. However, as defluidization usually occurs 
first near the grid [27] information about fluidization quality at this location can be 
valuable.  
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The acoustic emissions profiles observed for the model pellet system will be similar to 
profiles using pharmaceutical pellets.  The diameters of pharmaceutical pellets are 
comparable to the model glass pellets, but the densities are usually lower.  The lower 
density pellets would produce passive acoustic emissions with lower amplitudes.  The 
profiles, however, should remain similar with distinct features reflecting the coating and 
drying phases and the bed dynamics.   
3.5 Conclusions 
Poor sampling and off-line analyses indicate the need for developing reliable monitoring 
systems for the coating of pharmaceutical pellets in a fluidized bed to determine an 
optimum coating end-point. Fluidization quality greatly influences the distribution of 
coating among individual pellets, as well as the efficiency of the drying air to contact wet 
pellets. Microphones attached externally to a fluidized bed at various positions showed 
different passive acoustic emission profiles during pellet coating providing information 
on nozzle performance and reflecting local fluidization conditions. A statistical analysis 
of the acoustic emissions was chosen to provide a balance between information provided 
and computational time, considering future implementation into monitoring and control 
systems. Acoustic emissions measured at the exhaust of a fluidized bed may indicate 
nozzle clogging, while measurements at the interface of the spray and fluidized pellet bed 
indicate poor fluidization conditions, suggesting a change in the operational parameters to 
improve fluidization. Passive acoustic emissions measurements show potential as a tool 
for monitoring the coating of pharmaceutical pellets in a fluidized bed on-line and in real-
time.  Further development of this monitoring tool would provide valuable information 
about fluidized bed coating of pellets and allow better control of the process to help 
ensure optimum performance. 
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Chapter 4  
4 Passive Acoustic Emissions Monitoring of Pellet Coat 
Thickness in a Fluidized Bed  
4.1 Introduction 
Pharmaceutical pellets are often coated and packed into capsules as a multiple unit 
dosage form for oral consumption. The active ingredient is usually contained within the 
pellets, which are spherical in shape and range in size from 100 to 1000 μm in diameter. 
Coating is performed to provide a variety of functions including modified drug release, 
mechanical integrity, to protect the active ingredient, and to provide a more aesthetically 
appealing dosage form [1]. The coating film thickness, uniformity and overall quality are 
significant factors to the function of modified drug release and behaviour of the dosage 
form in vivo [2-4]. Coated pellets packed into a capsule have various advantages over the 
conventional tablet, including minimal variations in gastro intestinal transit time, the 
ability to minimize dosage dumping and an increased flexibility in drug formulation and 
design [5]. Potent drugs with critical dosages rely heavily on these factors for accurate 
and safe delivery. 
Pharmaceutical coating is achieved in either a rotated drum pan coater or fluidized bed 
coater equipped with a top spray, bottom spray or rotating spray nozzle. Large particles, 
such as tablets, are typically coated in a rotated drum pan coater [6], while smaller 
particles, such as pellets, are better suited to be coated in a fluidized bed. The pellets are 
lighter and easier to fluidize resulting in good particle mixing, ideal for fluidized bed 
coating. An atomized liquid solution is sprayed onto the pellet bed, while the heated 
fluidizing air evaporates the solvent allowing for the solute to act as a coating medium 
around the pellet core [1].  
Fluidized bed coating is characterized by the complex interaction of gas, liquid and solid 
phases. It is important to find the appropriate balance between operating parameters to 
ensure the final product meets the desired design specifications. This includes monitoring 
and/or controlling the inlet/outlet air temperature, inlet/outlet air humidity, superficial gas 
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velocity, atomizing air pressure, spray rate and droplet size [7]. The difficulty associated 
with the complex interaction of these parameters highlights the need for developing an 
on-line, real-time monitoring system to improve process control and to provide additional 
insight into process behaviour. Top spray fluidized beds are typically associated with 
random particle flow resulting in non-uniform coating and an increased potential for bed 
defluidization [1,8,9]. Such issues identify the need for developing new process 
monitoring and control techniques for top spray fluidized beds.  
Evaluation of the film coating involves sample removal to estimate the film coat 
thickness based on a difference in mass or through dissolution and/or disintegration 
testing [10]. These methods are typically used to evaluate coated tablets and are 
associated with many weaknesses when applied to the evaluation of coated pellets: (i) it 
is difficult to accurately measure the small differences in weight, (ii) no variations within 
or between pellets are considered, (iii) attrition and loss of coating are not accounted for, 
(iv) indirect measurements are provided when performing disintegration and/or 
dissolution testing, and (v) no information about coat quality is given. Overall, these 
techniques require invasive sampling and time-consuming measurements and therefore, 
are unable to provide real-time information necessary for process control.  
A variety of imaging and spectroscopic methods have been explored to improve these 
measurement techniques and to evaluate the pellet film coatings including fluorescence 
microscopy [11], digital imaging [10], confocal laser scanning microscopy (CLSM) 
[2,12], X-ray micro tomography [3] and Raman spectroscopy [13]. Conventional image 
analysis techniques, such as fluorescence microscopy, are typically limited to the pellet 
surface preventing a full analysis of the film coat, or require slicing of the pellet into 
segments destroying the pellet completely [2]. CLSM in combination with other image 
analysis techniques have been explored by both Depypere et al. [2] and Laskmana et al. 
[12] as a non-destructive imaging technique. The described methods required invasive 
sampling, fluorescent labeling, off-line analyses and extensive image processing, limiting 
industrial applications. Perfetti et al. [3] studied the feasibility of X-ray micro 
tomography and was able to non-destructively produce high resolution 3-D images but 
required complex mathematical algorithms for image reconstruction, as well as expensive 
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X-ray equipment and technology. Sovány et al. [13] encountered issues with the use of 
Raman spectroscopy due to the weakening of the Raman signal from scattered light and 
the difference in size between the pellet and large laser spot. As well, the characteristic 
peaks of the active ingredient overlapped with peaks of the coating material leading to 
inconclusive results [13]. Overall, these studies have led to important discoveries 
regarding fluidized bed pellet coating, but still require disruptive in-process sampling or 
invasive measurement acquisition, as well as time consuming off-line testing and 
analyses. 
The pharmaceutical industry has been moving towards the development and 
implementation of process analytical technologies (PATs) for the improvement of 
pharmaceutical manufacturing, development, and quality assurance in accordance with 
the Food and Drug Administration’s ICH guidelines Q8 [14]. The objective of these 
efforts is to develop more robust manufacturing that applies an increased understanding 
of the science behind each process, improving the overall cost-effectiveness and 
minimizing loss of product or failed batches with better process control.  
PAT techniques that have been explored for pellet coating in a fluidized bed include near 
infrared spectroscopy [4], near infrared spectroscopy combined with Raman spectroscopy 
[15] and passive acoustic emissions monitoring [9]. Both spectroscopic methods require 
an invasive measurement probe or window into the unit leading to inaccurate 
measurements and contamination issues, as well as the need for equipment modifications. 
Bogomolov et al. [15] found wet pellets to influence light propagation, interfering with 
the measurements; a high level of moisture corresponded to lower spectra intensity due to 
increased incident light penetrating the coating material. A study by Kato et al. [16] 
identified different coating formulations, variations in coat thickness and the amount of 
coating applied to influence the accuracy of NIR spectra. Furthermore, Depypere et al. 
[2] identified NIR to have a limited spatial resolution, unable to obtain accurate 
measurements of thin coating layers in the range of 25 to 75 μm. 
The application of acoustic emissions as an on-line monitoring and control technique has 
been proven useful in the chemical, biochemical and food industries [7]. In general, 
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acoustics is characterized as the generation, transmission and reception of energy in the 
form of vibrational waves [17]. When applied as a monitoring tool, passive acoustic 
emissions provide a non-invasive and real-time means of collecting information about the 
physicochemical changes that take place within a process [18]. Pharmaceutical 
applications of acoustic emissions monitoring have been shown to be useful for high-
shear and fluidized bed granulation, fluidized bed drying and mixing processes [19-25].  
In the 1970’s, Leach and Rubin studied passive acoustic emissions produced from the 
interaction between different sized particles [26-30]. This work led to the theory of 
passive acoustic emissions to be generated as a result of (i) particle-particle or particle-
equipment collisions, (ii) friction from these collisions, and (iii) air turbulence from the 
fluidizing air [19]. In the case of fluidized bed coating of pellets, one study by Naelapää 
et al. [9] assessed the possibility of using passive acoustic emissions monitoring. 
Vibrations produced during the coating of potassium chloride crystals were measured at 
different locations on the column using four accelerometers. The measurements were 
compared to an estimated coat thickness based on a theoretical amount of film coating 
applied and samples tested for dissolution. Although the technique showed promise, 
some issues with the experimental procedure were identified leading to inconclusive 
results: (i) repositioning of the sensors between batches led to signal differences, (ii) 
limited samples were removed and did not represent the entire batch and (iii) the amount 
of film coating applied was calculated based on a volume drop in coating solution and 
therefore indirectly estimated the film coat thickness.  
Our previous work assessed the feasibility of using passive acoustic emissions to monitor 
pellet coating in a fluidized bed, building from the study by Naelapää et al. [9]. It was 
concluded that passive acoustic emissions profiles could indicate local fluidization 
conditions and were also able to provide information about the spray nozzle performance. 
To our knowledge, there is limited research that focuses on the application of passive 
acoustic emissions to monitor specific properties of the film coating, such as the film coat 
thickness. The goal of this study was to expand on our previous work and to assess the 
possibility of determining a coating end-point related to the pellet film coat thickness 
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using passive acoustic emissions monitoring. Additional insight into the effect of the 
coating solution on the fluidized bed coating process was also explored.  
4.2 Materials and Methods 
4.2.1 Fluidized Bed 
Coating was performed in a conical top spray fluidized bed, shown in Figure 4-1. Heated 
fluidizing air entered a wind box, before passing into the unit through a polyethylene 
distributor plate that had a pore size of 75 μm. The unit was equipped with an atomizing 
spray nozzle (John Brooks Company Limited, Reference #: 1/8 PRJJB 0.0390) located at 
the top of the column, 0.559 m above the distributor plate. The top of the column was 
equipped with four filtered air outlets.          
 
Figure 4-1: Schematic of the top spray fluidized bed with equipment 
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4.2.2 Coating Experiments 
Glass pellets, 1000 µm in diameter, were used as the solids for the coating experiments. 
These solids were easily reusable and, as shown in Table 4-1, had diameters similar to 
microcrystalline cellulose starter cores, called Cellets
®
. Cellets
®
 are often commercially 
coated and used in pharmaceutical multiple unit dosage forms for modified drug release. 
Approximately 2 kg of glass pellets were coated during each trial.  
The inlet air had a superficial gas velocity of 1.82 m/s to fluidize the pellets and was 
heated to a temperature of 35 °C with a humidity of approximately 15%.  A 5% (w/w) 
sugar solution was used for coating. This coating solution was applied using a pressurized 
atomizing spray nozzle at a rate of approximately 15-20 mL/min, summarized in Table 4-
2. Each coating stage consisted of a 2-4 minute coating spray period to ensure a 
detectable increase in coat thickness, followed by a 30 minute drying period. 
Following the drying period of each coating stage, samples were removed to directly 
measure the film coat thickness based on a difference in mass, assuming a perfectly 
uniform and evenly distributed film coat among the pellets. 100 pellets were carefully 
counted and weighed. The pellets were then washed with 1000 mL of warm water at 
35°C and dried on trays for about 20 hours at a temperature of 20°C and a humidity of 
10%. Once dry, the pellets were re-weighed and the difference in mass was attributed to 
the mass of the coating. The film coat measurements were performed in triplicate. 
Scanning electron microscope (SEM) images were taken of uncoated and coated pellets 
using a Hitachi S-4500 field emission scanning electron microscope at an accelerated 
voltage of 3.00 kV. Samples were mounted on a plate and coated with gold to improve 
the electrical conductivity prior to imaging. The images were used to confirm film coat 
formation and to provide insight into surface morphology. 
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Table 4-1: Material properties of uncoated glass pellets and Cellets
®
 
 Diameter (μm) Mass per pellet (g) Density (g/cm3) 
Glass Pellets 1000  0.001257 2.400 
 2000  0.010053 2.400  
 3000  0.033929 2.400 
 4000  0.080425 2.400 
Cellets
®
 1000 1000 – 1400  0.000419 0.800 
 
Table 4-2: Coating solution applied at each coating stage for Trial 1, Trial 2 and Trial 3 
 Applied Coating (mL) 
Coating Stage Trial 1 Trial 2 Trial 3 
1 36 69 70 
2 38 36 67 
3 76 40 31 
4 34 31 32 
 
4.2.3 Acoustic Data Acquisition 
Passive acoustic emissions were recorded using a piezoelectric microphone (PCB 
Piezotronics Model 130P10) connected to a National Instruments data acquisition system 
equipped with LabVIEW software. A microphone was attached flush to the exterior of 
the column 0.150 m above the distributor plate. This height corresponded approximately 
to the height of the fluidized bed. Previous work showed acoustic emissions measured at 
this location provided important information about the fluidized bed coating process [31]. 
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Acoustic emissions were recorded at a sampling rate of 40 000 Hz to ensure full 
reconstruction of emissions within the audible frequency range (20 – 20 000 Hz) without 
aliasing.  
4.2.4 Signal Analysis 
The acoustic emissions profiles of pellets coated to different coat thicknesses in the 
fluidized bed were acquired at varying superficial gas velocities. Prior to data acquisition, 
the pellets were fluidized for 5 minutes to ensure stable bubbling conditions. The 
acquired data was then divided into twenty 6 second segments to determine the average 
amplitude of the emissions for each coat thickness and superficial gas velocity.  
4.2.5 Supplemental Experiments 
The effect of mass on the amplitude of acoustic emissions produced from pellet-wall 
collisions for a single pellet or group of pellets was assessed for glass pellets of varying 
diameters, summarized in Table 4-1. For each trial, performed in triplicate, a single pellet 
was dropped 10 cm above a metal plate, ten times. A piezoelectric microphone attached 
flush to the exterior of the bottom of the metal plate recorded acoustic emissions from the 
collisions. The process was repeated, in triplicate, to include pellet-pellet interactions by 
simultaneously dropping a group of 10 pellets, ten times. Additionally, a sugar solution 
was sprayed onto the metal plate to simulate the loss of coating onto the column wall. 
The collisions experiments were repeated for the 1000 µm diameter glass pellets to 
indicate the possible effect of the coating spray on the column wall on the amplitude of 
the acoustic emissions.  
The effect of the wet coating on pellet flowability was also assessed and measured in 
triplicate using a Mercury Scientific Revolution Powder Analyzer. Samples were 
removed immediately after the coating period, referred to as wet pellets, midway through 
the drying period, referred to as half wet pellets, and at the end of the drying period, 
referred to as dry pellets. A sample size of 40 cm
3
 was rotated at 0.3 rpm in a transparent 
drum with a diameter of 5 cm and width of 3.5 cm until 128 avalanches had occurred. 
One avalanche was defined as the surface movement of 0.65 vol% of the sample within 
the drum. Flowability indicators, including avalanche time, were determined using 
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optical measurements of the powder surface at 60 frames per second and a resolution of 
648x488. 
Passive acoustic emissions were acquired for fluidized Cellets
® 
at an operational 
superficial gas velocity of 1.12 m/s, about 1.8 times greater than the minimum 
fluidization velocity. This operational superficial gas velocity was chosen to maintain the 
same ratio of gas velocity to minimum fluidization velocity as used for the glass pellets. 
The fill volume of the column was equal to the volume of glass pellets used for the 
previous experiments, corresponding to 1.15 kg of Cellets
®
. The acoustic emissions 
profile of the fluidized Cellets
® 
was compared to the profiles obtained for the glass pellets 
to evaluate the effect of pellet composition on the passive acoustic emissions.  
4.3 Results 
During each coating stage, the sugar solution began to form a film coat around the 
pellets; water evaporated during the drying period leaving the sugar behind as coating. 
Figure 4-2a shows increases in the measured coat thickness determined through increases 
in pellet mass as the applied coating accumulated, with measured coat thicknesses 
ranging from 50 – 200 µm. Coat thicknesses approximately 4 times greater were 
estimated based on theoretical calculations using the volume of applied coating (Figure 4-
2b). 
SEM images of uncoated and coated pellets (Figure 4-3) visually confirmed the film 
coating. The surfaces of the uncoated glass pellets were smooth, shown in Figures 4-3a 
and 4-3b. Figures 4-3c and 4-3d show the surfaces of partially coated pellets: sugar 
crystals were observed on the surface with some of the glass pellet surface visible below. 
When the pellets were completely coated, shown in Figures 4-3e and 4-3f, sugar crystals 
were observed to cover the entire surface and the glass beneath was not visible. 
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Figure 4-2: Measured (a) and theoretical (b) coat thickness per pellet at each coating 
stage 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
 
Figure 4-3: Scanning electron microscopy images of uncoated pellets (a,b), partially 
coated pellets (c,d) and coated pellets (e,f) at 1000x and 5000x magnification 
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Passive acoustic emissions from pellet-pellet and pellet-wall collisions provided 
information about the process dynamics. As the pellets became coated, the pellets 
changed in mass, volume and surface properties, which in turn affected the acoustic 
emissions. Figure 4-4 shows the change in acoustic emissions during the coating phase of 
each of the four coating stages for Trial 1 at a superficial gas velocity of 1.82 m/s. The 
amplitude of the acoustic emissions increased from approximately 350 mV during 
coating stage 1 to 550 mV in coating stage 4.  
 
  
  
Figure 4-4: Magnitude of the raw acoustic emissions signal for Trial 1: coating stage 1 
(a), coating stage 2 (b), coating stage 3 (c) and coating stage 4 (d) over a 2 minute 
interval at a superficial gas velocity of 1.82 m/s 
 
65 
 
Figure 4-5 summarizes the average amplitude of the acoustic emissions during the four 
coating stages at different superficial gas velocities. Overall, the amplitude increased with 
each coating stage and with an increase in superficial gas velocity. Replicate trials 
confirmed these trends.  
 
Figure 4-5: Amplitude of acoustic emissions produced at each coating stage and varying 
superficial gas velocities 
Separate tests were designed to investigate the effect of mass on the passive acoustic 
emissions from pellet collisions. Figure 4-6 shows the measured amplitudes for uncoated 
glass pellets with varying diameters from collisions with a metal plate that simulates 
collisions with the column wall. Acoustic emissions amplitudes increased with greater 
pellet volume, corresponding to an increase in pellet mass.  
Ten pellets dropped simultaneously produced a slightly greater amplitude with increased 
fluctuations than produced from the collision of a single pellet with the metal plate, 
shown in Figure 4-7. The first disturbance in the signal was a result of a single pellet 
colliding with the metal plate, while the second disturbance was a result of 10 pellets 
colliding with the metal plate.  
66 
 
 
 
Figure 4-6: Amplitude of acoustic emissions produced from a single glass pellet or group 
of glass pellets with increasing pellet mass 
 
Figure 4-7: Raw acoustic emissions signal of a single pellet colliding with a metal plate 
and 10 pellets colliding with a metal plate 
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Additional tests were performed on a sugar coated metal plate to simulate the coated 
column wall. Figures 4-8a and 4-8b show the amplitude of a single pellet, 1000 µm in 
diameter, colliding with an uncoated and sugar coated metal plate, respectively. 
Comparable amplitudes, within error, were observed for both the uncoated and coated 
metal plate.  
 
 
Figure 4-8: Raw acoustic emissions signal of a single pellet colliding with a metal plate 
(a) and a single pellet colliding with a sugar coated metal plate (b) 
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The fluidization quality was affected by pellet flowability. Figure 4- 9 shows the average 
avalanche time of uncoated pellets compared to coated pellets at three different coat 
wetness levels: wet, half wet and dry. The measured avalanche time for coated pellets was 
greater than the uncoated pellets due to a change in surface properties from the sugar 
coating. The avalanche time as the coating dried corresponded to changes in surface 
morphology and lubrication properties of the wet coating, affecting pellet flowability.  
 
Figure 4-9: Avalanche time of coated pellets at different wetness levels compared to the 
baseline avalanche time of uncoated glass pellets 
The raw acoustic emissions signal for a bed of fluidized Cellets
® 
is shown in Figure 4-10. 
The amplitude of the signal was lower than the amplitudes observed for the fluidized 
glass pellets. Fluctuating fluidization conditions were observed through a window on the 
side of the column wall, corresponding to small shifts in the acoustic emissions signal.  
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Figure 4-10: Magnitude of the raw acoustic emissions signal for Cellets
®
 fluidized at an 
operational superficial gas velocity of 1.12 m/s 
4.4 Discussion 
Small and controlled changes in coat thickness are desired as modified release dosage 
forms can rely on coat thickness to provide specific drug release profiles in vivo. Figure 
4-2a shows small increases in the measured coat thickness with each coating stage, 
confirming the formation of a film coat as coating progressed. The measured values were 
much lower than the theoretical coat thickness values, shown in Figure 4-2b, suggesting a 
significant portion of the coating spray impacted and then coated the column wall instead 
of coating the fluidized pellets. The significant loss of coating solution onto the column 
wall was also seen through comparing the differences between trials and coating stages. 
For example during coating stage 1, approximately twice the volume of coating solution 
was added for Trials 2 and 3 compared to Trial 1. The measured coat thickness from this 
coat stage however, was not significantly different; a large volume of coating solution 
was lost to the column wall during the first coating stage of Trials 2 and 3. The 
estimations of coat thickness shown in Figure 4-2 assumed a perfectly uniform, evenly 
distributed film coat and did not account for variations in thickness between or within 
pellets. The differences between the measured and theoretical pellet coat thickness 
highlight the need for a method to monitor the coating. Although easily made, 
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measurements of the amount of coating sprayed onto the bed do not provide accurate and 
reliable indications of the pellet coating.  
SEM images of the pellet surface (Figure 4-3) further confirmed the formation of a film 
coat. Figures 4-3a and 4-3b show the uncoated smooth surface of a glass pellet at 1000x 
and 5000x magnification, while Figures 4-3c to 4-3f identify the formation of sugar 
crystals on the outside of the pellet surface. Specifically, Figures 4-3c and 4-3d show a 
less coated pellet, as the surface is not uniformly coated and smooth uncoated areas are 
present. Figures 4-3e and 4-3f show a completely coated surface. The surface 
morphology is much rougher for the coated pellets compared to the smooth surface of the 
uncoated pellets, potentially influencing pellet flowability.  
Figure 4-4 shows passive acoustic emissions measured near the surface of the fluidized 
pellet bed. The raw signals showed changes with time; after each coating stage the 
amplitude of the signals increased. The changes in acoustic emission amplitudes are 
summarized in Figure 4-5. The pellets increased in mass as they were coated, increasing 
pellet momentum which impacted collisions with other pellets or the column wall; this 
produced larger vibrations measured by the microphone as passive acoustic emissions 
with larger amplitudes.  
As shown in Figure 4-5, the amplitude of the acoustic emissions also increased with 
superficial gas velocity. Pellet velocities within the fluidized bed increased with 
superficial gas velocity. This increased pellet momentum which led to larger vibrations 
when the pellets collided with other pellets or the column wall, resulting in larger 
emissions amplitudes. Therefore, the passive acoustic emissions were affected by both 
changes in the pellets and the fluidized bed dynamics.  
The change in acoustic emissions as coating progressed corresponded to an increase in 
pellet size and therefore mass. Early work by Leach and Rubin in the 1970’s found 
comparable results, as they were able to use acoustic emissions to measure particle size 
and particle size distribution [26-30]. The basis of their work identified an inverse 
relationship between acoustic emission frequencies to particle size; particles of different 
diameters produced different beat frequencies reflected in the acoustic emissions. 
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Supplemental experiments were conducted to evaluate the effect of a change in mass on 
the passive acoustic emissions. Acoustic emissions from collisions using uncoated pellets 
of 1000 µm, 2000 µm, 3000 µm and 4000 µm in diameter were examined. The passive 
acoustic emissions were measured for a single uncoated glass pellet colliding with the 
metal plate. As shown in Figure 4-6, the amplitude of the measured emissions increased 
almost linearly with increasing pellet mass. Theoretical equations confirm kinetic energy 
generated from particle vibrations to be proportional to mass [32]. As well, a more recent 
study by Hou et al. related particle momentum to particle-equipment collisions reflected 
in the acoustic emissions profiles [33].  
To further simulate pellet-pellet and pellet-wall collisions within the fluidized bed, 
groups of 10 pellets were dropped simultaneously onto the plate. Again, larger acoustic 
emission amplitudes were proportional to pellet mass. The increase in the maximum 
emission amplitudes compared to the single pellet measurements however, was not 
linearly proportional to the number of pellets, shown in Figure 4-7. However, the number 
and duration of the fluctuations of the signals increased significantly with the number of 
pellets. All 10 pellets would not have impacted perfectly simultaneously with the metal 
plate. This would have created multiple vibrations with the potential for each contribution 
to amplify or dampen other vibrations. In addition, vibrations from any pellet-pellet 
collisions may have been detected and contributed to the measured acoustic emissions. 
The ability to detect differences in collisions of pellets with only small changes in mass 
or numbers of pellets highlights the sensitivity of acoustic emission measurements and 
the potential for monitoring the thin film coating that needs to be applied to pellets for 
pharmaceutical multiple unit dosage forms.  
The pellet drop tests were repeated using a sugar coated metal plate to simulate the effect 
of the loss of coating on the column wall on the measured acoustic emissions. The 
emissions from the pellets colliding with the metal plate were comparable, within 
acceptable error, for both cases shown in Figures 4-8a and 4-8b. The sugar coating on the 
metal plate was concluded to have minimal influence on the attenuation of the acoustic 
emissions. Therefore, the measured passive acoustic emissions reflected pellet changes 
and fluidized bed dynamics with minor interference from the coating solution on the 
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column wall; the change in measured acoustic emissions represents the additional coating 
on the pellets not the coating on the column wall. This was further confirmed in 
preliminary experiments involving an empty column with no fluidizing air; acoustic 
emissions showed no change and appeared constant as the atomized spray was turned on 
and off.  
The fluidization quality of the pellet bed changed with time. The mass of the pellets 
increased with coating. At a constant superficial gas velocity, the fluidization quality then 
decreased slightly as the velocity of the pellets within the bed correspondingly decreased. 
It is important to maintain a superficial gas velocity sufficiently above critical values to 
ensure that the pellets are constantly in motion to promote uniform distribution of the 
coating through the bed and onto individual pellets, and to promote uniform drying of the 
coating. As the pellets are coated, there are two opposing effects influencing the acoustic 
emissions: the increase in mass of the pellets versus the decrease in the velocity of the 
pellets. However, as shown by the increase in amplitude of the emissions with each 
coating stage (Figure 4-4) the change in pellet mass has a dominant effect over any 
decrease due to the drop in fluidization quality. Therefore, provided that a sufficiently 
high superficial gas velocity is maintained, monitoring changes in the acoustic emissions 
amplitude will primarily reflect pellet coating rather than fluidization quality.  
Application of the coating solution changed the surface properties of the pellets in 
addition to changing their mass and size. Surface changes affected particle-particle 
interaction, which in turn influenced fluidization. To estimate the effect of the coating 
solution on surface interactions, samples were removed from the fluidized bed and 
assessed for flowability. Samples were removed immediately after a coating period, 
halfway into a drying period and at the end of a drying period. These samples were 
referred to as wet, half wet and dry, respectively. As shown in Figure 4-9, the flowability 
as estimated using the avalanche time, varied with coating stage. Immediately after a 
coating period, the pellets were wet from the coating solution. The avalanche time 
increased from the uncoated pellets time indicating a decrease in flowability. The 
viscosity of the coating film was approximately the same as the coating solution, 0.00146 
Pa s [34]. The film was somewhat sticky, increasing cohesion or friction between the 
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pellets. However, as the water content within the film was still high, the film also 
provided some lubrication between the pellets, partially balancing the reduction in 
flowability. The large range in avalanche times for the wet samples from Coat 1 partially 
reflected that the coating had only started and not all the pellets may have been coated 
and/or uniformly coated.  As the film dried, the water content of the film decreased, and 
the film viscosity increased. The cohesion between the particles increased while the 
lubrication decreased resulting in further reductions in flowability. The dried film coat on 
the pellets contained almost no water. The film coat was therefore no longer sticky and 
the flowability stabilized or increased. The flowability, however, did not improve to the 
level of uncoated pellets. As shown in Figure 4-3, the surface of the coated pellets was 
not as smooth as uncoated pellets. The relative particle-particle friction would be higher 
inhibiting flow. The trend in flowability within each coating stage remained similar, but 
the overall flowability decreased with each coating stage. As shown in Figure 4-3, as the 
film thickness increased, the coated pellet surface became more irregular. This increased 
friction each time further inhibiting flow.  
The acoustic emissions signal of fluidized Cellets
®
 is shown in Figure 4-10. The average 
amplitude of the signal was lower compared to the amplitude of fluidized glass pellets. 
This was expected as the Cellets
®
 have a much lower density and lower overall mass. 
Although the size of the Cellets
®
 was comparable, a much larger distribution was 
observed ranging from 1000 -1400 µm in diameter. As well, Cellet
®
 sphericity appeared 
to vary. These differences affected fluidization resulting in the observed shifts in the raw 
signal compared to the more constant signal acquired for the fluidized glass pellets. In 
regards to coating, the Cellets
®
 are expected to produce a similar trend in the acoustic 
emissions profile; the amplitude would increase as coating progressed but would initially 
start at a lower value.  
4.5 Conclusions 
Inaccurate and unreliable measurements of the pellet film coat thickness highlight the 
need for developing a monitoring and control method to determine the desired coating 
end-point in a fluidized bed. The film coat thickness is a critical parameter in the design 
of multiple unit dosage forms, to ensure the appropriate drug release profile is achieved. 
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Passive acoustic emissions monitoring provides a non-invasive method of acquiring on-
line and real-time measurements reflecting process information. A microphone attached 
flush to the exterior of the column at the height of the fluidized pellet bed showed 
changes in the amplitude of the passive acoustic emissions, related to pellet film coat 
thickness. Supplemental experiments confirmed acoustic emissions amplitudes to 
increase with increasing pellet mass. Furthermore, the acoustic emissions measurements 
were shown to detect differences in pellet collisions, highlighting the sensitivity of such 
measurements for monitoring thin film coatings. Provided the pellets were sufficiently 
fluidized, the change in acoustic emissions amplitude reflected an increase in film coat 
thickness, identifying the potential for applying passive acoustic emissions to monitor 
pellet film coatings and to detect an optimal coating end-point.  
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Chapter 5  
5 General Discussion and Conclusions  
The release profile of modified release dosage forms in vivo is highly dependent on the 
properties of the film coat surrounding the pellet core. Conventional techniques used to 
evaluate pellet coatings require invasive sampling and time consuming off-line analyses. 
Passive acoustic emissions have been proven as a useful non-invasive monitoring tool 
with the ability to provide on-line and real-time measurements. Therefore, this research 
focused on the application of passive acoustic emissions for the monitoring of pellet 
coating in a top spray fluidized bed. Analyzed acoustic emissions were compared to 
conventional evaluation techniques. Supplemental experiments were performed to 
provide a more in depth understanding of the interactions between pellets and the coating 
solution. 
5.1 Acoustic Monitoring 
5.1.1 Feasibility Analysis  
Building from the work of Naelapää et al. [1], the use of passive acoustic emissions to 
monitor pellet coating was assessed. Glass pellets were coated in a top spray fluidized 
bed with an atomized sugar solution. The analysis of pressure fluctuation measurements 
across the bed confirmed adequate pellet fluidization. Three microphone locations were 
chosen to acquire the passive acoustic emissions; one suspended in the exhaust of an air 
outlet at the top of the column and two attached externally to the column wall at the 
interface of the fluidized pellet bed and liquid spray, and at the grid. Samples were 
removed periodically from the column through a side sampling port to determine the 
increase in coat thickness as coating progressed.  
The comparison of measured coat thickness values to theoretical estimations showed 
significant differences indicating the loss of coating solution on the column wall. As well, 
variations in measured coat thickness values highlighted the difficulty associated with the 
removal of representative samples from the fluidized bed. Decreased fluidization quality 
as coating continued was shown to impact coat distribution and uniformity among the 
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pellets, as well as negatively influencing drying rate. The inaccuracies associated with 
sampling and off-line testing reaffirmed the need for a more sophisticated monitoring and 
control method.  
To extract relevant process information, statistical and frequency analyses were 
performed on the acoustic emission measurements. In the interest of automatic and fast 
computation, a statistical analysis was chosen providing desired process information 
reflecting changes in the emissions profile at all microphone locations. At the exhaust, 
the standard deviation of the measured acoustic emissions increased or decreased during 
the coating and drying periods, identifying the potential to monitor spray performance or 
for the detection of nozzle clogging. At the interface of the fluidized pellet bed and liquid 
spray, the standard deviation of the measured acoustic emissions reflected changes 
corresponding to the spraying and drying zones. As well, the acoustic emissions profile at 
this location reflected fluidization quality. Large changes in the standard deviation 
corresponded to good fluidization, associated with excellent distribution of the film coat 
and effective drying. Small changes in the standard deviations corresponded to poor 
fluidization, indicating the need to increase the fluidization velocity for improved process 
conditions. The standard deviation of the acoustic emissions measured at the grid showed 
a similar profile to the measurements acquired at the interface, but were difficult to relate 
to process conditions.  
Overall, this study confirmed the possibility of using passive acoustic emissions to 
monitor the coating of pellets in a fluidized bed reflecting process changes.  
5.1.2 Monitoring of Pellet Coat Thickness 
Expanding on the feasibility analysis, the use of passive acoustic emissions to detect film 
coat thickness was explored corresponding to the potential application of determining a 
desired coating end-point. Again, glass pellets were coated with a sugar solution in a top 
spray fluidized bed. The coating was separated into four stages where each stage 
corresponded to a measured coat thickness value. Acoustic measurements of the dry 
coated pellets after each coating stage and at varying superficial gas velocities were 
acquired from a microphone located at the same position on the column as the 
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microphone used to acquire measurements at the interface in the previous study. 
Supplemental experiments were performed to simulate different aspects of the process 
providing additional insight into process behavior and the interactions between pellets 
and the coating solution.   
The measured acoustic emissions reflected changes with time, where the amplitude of the 
signal increased with each coating stage. As coating progressed, the pellets increased in 
mass corresponding to increased pellet momentum and pellet collisions, producing larger 
vibrations reflected in the emissions amplitude. Similarly, the amplitude increased with 
an increase in superficial gas velocity due to the increased pellet momentum. Overall, 
changes in pellets and fluidized bed dynamics affected the passive acoustic emissions.  
Supplemental experiments simulating process conditions showed an increase in pellet 
mass to correspond to an increase in the acoustic emissions amplitude for a single pellet 
colliding with a metal plate. A group of 10 pellets was compared to the collision of a 
single pellet, where again, an increase in the individual pellet mass corresponded to an 
increase in the acoustic emissions amplitude. In this case, the amplitude was not linearly 
proportional to the number of pellets impacting the metal plate, but the signal did reflect 
an increase in the number and duration of fluctuations when a group of pellets collided. 
This showed the sensitivity of acoustic emissions measurements to detect differences in 
pellet collisions regarding small changes in the mass or number of pellets, which is 
important for monitoring thin film coatings. The addition of sugar to the metal plate was 
shown to have a minimal impact on the attenuation of the acoustic emissions, identifying 
measured acoustic emissions to reflect the coating on the pellets and not the coating 
solution on the column wall.  
The coating solution was shown to alter the surface properties of the pellets and to affect 
pellet flowability as the wet coating solution dried. The sticky film coat decreased pellet 
flowability due to an increase in cohesion or friction between pellets, impacting 
fluidization quality. Due to the opposing forces within the fluidized bed it is important to 
maintain proper fluidization. In this case, if the bed is sufficiently fluidized the amplitude 
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of the acoustic emissions measurements should reflect pellet changes rather than 
fluidization quality. 
Overall, passive acoustic emissions were able to detect an increase in film coat thickness 
and showed potential for identifying a desired coating end-point.  
5.2 Relevance to the Pharmaceutical Industry 
The Food and Drug Administration’s new guidelines call for the development of process 
analytical technologies (PATs) to improve process manufacturing, development and 
quality assurance [2]. The implementation of more sophisticated monitoring and control 
methods would reduce the number of failed batches and loss of product, improving 
process cost-effectiveness. This study has identified such potential for the application of 
passive acoustic emissions monitoring in regards to the manufacture of coated pellets for 
multiple unit dosage forms with modified drug release. 
Typical methods used to evaluate film coatings are invasive to the process and require 
extensive and unreliable off-line analyses. Monitoring the process non-invasively using 
passive acoustic emissions can provide real-time information reflecting process changes. 
The measurements may indicate decreased fluidization quality, nozzle clogging or a coat 
thickness value, identifying to the operator if they should continue, modify or end the 
coating process. Such real-time feedback allows for better process control corresponding 
to a more efficient manufacturing process as desired by the pharmaceutical industry.  
5.3 Future Work 
This research focused on a re-usable model system consisting of glass pellets coated with 
a sugar solution. The glass pellets were chosen due to their similarities to microcrystalline 
cellulose starter cores, Cellets
®
, used commercially for pharmaceutical multiple unit 
dosage forms. The acoustic emission measurements of fluidized Cellets
®
 showed lower 
overall amplitudes compared to the amplitude of fluidized glass pellets. It is hypothesized 
that similar results would be observed for the coating of Cellets
®
 but the produced 
emissions would be of a smaller scale due to the much lower density and overall mass of 
the Cellets
®
. Therefore, future work should include the analysis of coating Cellets
®
,
 
or 
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pellets of different formulations, to confirm the proposed hypothesis. As well, it would be 
of interest to coat the pellets with different solution formulations. Such work would focus 
on the study of a real system representative of what is used in the pharmaceutical 
industry.  
This work has confirmed the feasibility for using passive acoustic emissions for 
monitoring the coating of pellets and for detecting increases in film coat thickness. 
Additional work is required to translate the technique from a potential monitoring method 
to implementation in pharmaceutical manufacturing processes. FDA regulatory approval 
has made the introduction of new technologies into the pharmaceutical industry slow and 
difficult. For industrial application improvements to the method’s robustness and ability 
to reliably monitor and control the coating process is required. Continued research is 
necessary to further confirm the ability of passive acoustic emissions monitoring to 
minimize human and process error, improve product quality and process efficiency, and 
reduce waste or the number of discarded batches. This is needed to obtain regulatory 
approval and would be the main focus of continued work. This may include focusing on 
different frequency ranges within the signal to relate the emissions profile to different 
aspects of the process. Currently we have shown the acquired emissions reflect process 
changes but additional analysis is necessary to further relate specific aspects of the signal 
to the coating process in the interest of process monitoring and control.  
5.4 Conclusions 
Passive acoustic emissions present a potential tool for monitoring the coating of pellets in 
a fluidized bed. The non-invasive nature of the method involves the attachment of 
microphones externally to a unit, which acquires real-time process information to be used 
for process monitoring and control. This work showed the ability of passive acoustic 
emissions to reflect process information by identifying changes in fluidization quality, 
information on nozzle performance and the detection of changes in film coat thickness 
for the potential determination of a coating end-point. Different information may be 
extracted from the signal depending on the type of analysis used. Additional research is 
required to continue the development of passive acoustic emissions monitoring for 
85 
 
industrial fluid bed coating applications, with the potential to improve overall product 
quality and process cost-effectiveness.  
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